Summary.-When the clonogenic survival of mouse haemopoietic stem cells (CFU-S) and leukaemia L1210 cells grown as ascites tumours are compared after being heated in vitro and assayed in vivo by spleen-colony assay, there is no significant difference in the terminal slopes of the survival curves. The shoulders of the survival curves differ, but this may be explained by differences in cell kinetics.
By contrast, L1210 leukaemic marrow cells are considerably more susceptible to the lethal effects of hyperthermia (43°C) than either normal marrow stem cells or L1210 leukaemic cells grown as ascites tumours. Moreover, the killing of L1210 ascites cells by hyperthermia can be enhanced by heating L1210 ascites cells with an equal number of normal marrow cells, or as upernatant removed from heated marrow cells.
Most cells in leukaemic marrow are normal, and it is postulated that the increased thermal sensitivity of L1210 cells in leukaemic marrow is caused by diffusible factors (e.g. lysosomal enzymes) released by heating normal marrow cells.
THE POSSIBILITY that tumours may be destroyed by hyperthermia without unacceptable damage to surrounding tissues is the principal reason for the upsurge of interest in this treatment modality.
Both environmental and intrinsic differences between normal and tumour cells have been invoked as explanations for the favouLrable therapeutic differential seen when some solid tumours are treated by hyperthermia (Field & Bleehen, 1979) .
Some workers (e.g. Giovanella et al., 1973) have reported that malignant cells are inherently more sensitive to heat than their normal-tissue counterparts, whilst others have failed to find any difference in thermal sensitivity (e.g. Harisiadis et al., 1975) or found normal cells more sensitive (e.g. Kachani, 1969 was stored at 4°C and the seruii and Lglutamine Awere stored frozen. Medium age was found to be a significant factor, especially in the response of CFU-S (old medium giving lower survival) and in the experiments reported the mnedium used wzas not stored for more than 3 months.
Tumour. L1210 leukaeinia is a methylcholanthracene-induced lymphoblastic leukaemia (Law, 1949 (Lewis & Trobaugh, 1964) . Each nodule lhas been shown to develop fronm one parent cell (Becker et al., 1963) , the colony-forming cell in spleeni (CFU-S). believed to be the mouse haemopoietic pluripotential stem cell.
Up Spleen-colony assay of leukaemic clonogenic cells.-The m-ethod is that of Wodinsky et al. (1967) . Nucleated leukaemic marrow cells suspended in 0-2 ml of complete medium wAere injected i.v. into unirradiated DBA2 miice. After 6 days the animals wN-ere killed by cervical dislocation, the spleens removed and fixed in Bouin's solution. The numnber of macroscopic colonies on the surface of each spleen was counted. OI average the injection of 102 L1210 ascites cells or 103 nucleated leukaemnic marrow cells gave rise to 1 spleen colony.
Preparation of scanttiy electran-ticroscope photographs. Aliquots of a suspension of L1210 ascites cells each containing 106 cells suspended iii 1 ml of complete medium wA-ere heated at 43°C for 5, 10, 15 or 30 min. Control aliquots of the same suspension were kept at 37°C, 4C or room temperature (20-22°C) for 1 h. Cells were fixed by adding glutaraldehyde to 2-5% and dehydrated in graded concentrations of ethanol. Control amid heated specimnens were prepared identically. Gold-sputtered specimens-were examined under a Philips 301 scanning electron microscope.
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RESULTS

Estimation of surviving fraction
The cell-survival data were fitted using the mutlti-target expression:
where D is heating time at each fixed temperature and Do and n are parameters to be estimated for each data set. Estimation used was the method of Watson ( 1978) which linearizes the multi-target expression by a transformation, and fits the resultant straight line by the method of least squares. This method has the advantage that the fitting procedure makes use of all data points, including those on the shoulder.
A useful estimate of the width of the shoulder is provided by the Dq value, given by Dq= Do1n(n).
Survival of L 1210 (ascites) cells and CF U-S after hyperthermia
Survival curves of L1210 cells heated over the temperature range 41-44°C suspended in Fischer's medium plus serum are shown in Fig. 1 . Fig. 2 shows similar survival curves for DBA2 marrow CFU-S heated suspended in Fischer's medium supplemented with serum. Survival parameters for these experiments are listed in Table I .
Although the survival of LI 210 ascites cells and CFU-S are very similar in the straight-line portion of the survival curves, the initial shoulders differ, the shoulder being much broader on the CFU-S curve. at 43°C are shown in Fig. 4 . The survival of CFU-S is compared to that of L1210 cells from ascites and marrow in Fig. 5 . Survival parameters derived from the curves are listed in Table II Control suspensions of Li 210 ascites cells were stored at ice-water temperature with or without the cell-free supernatant. Similar numbers of spleen colonies were produced by both control specimens.
As shown in Fig. 7 (Hartman et al., 1974) . For CHO cells, Westra & Dewey (1971) found the heat-survival curve slope to be similar for cells in all phases of the cell cycle, but cells heated in M or S had a reduced shoulder width.
The Do values of CFU-S and L1210 in this study are the lowest yet recorded for any cell line subjected to hyperthermia. Bhuyan (1979) reported a Do of 10 min for L1210 cells heated at 43°C and assayed in vitro by cloning in soft agar. The different assay technique may account for our different results.
By contrast, L1210 cells from marrow are 4 times as sensitive to heat as L1 210 ascites cells or CFU-S. This difference does not appear to be caused by cell-kinetic dissimilarities. Although exponential phase (4-day) ascites and decelerating phase (7-day) ascites have markedly different cell and population kinetics (Dombernowsky & Hartman, 1972) the Do values of the 2 survival curves (Table II) Only a small percentage of nucleated cells within leukaemic marrow are L1210 cells. As the addition of an equal number of healthy marrow cells markedly enhances the lethal effect of hyperthermia on L1210 ascites cells (Fig. 6 ) the increased thermal sensitivity of L 1210 leukaemic marrow cells is probably the result of the many normal marrow cells in the heated suspension. Sensitization of L1210 leukaemic cells by normal marrow does not appear to be a direct interaction between intact cells, as increased hyperthermic killing is proportional to the amount of cell-free supernatant added to the L1210 cell suspension.
The broad shoulder of the L1210 leukaemic curve (Fig. 3) Overgaard, 1976) have suggested that lysosomes may be important targets for thermal damage in vivo. It has been shown (Hume et al., 1978) Fig. 8 ). Similar morphological changes have been described by Lin et al. (1973) for NBC-6 lymphocytes exposed to 45°C, whilst Kwock et al. (1978) have correlated the surface changes of heated lymphoid cells with membrane permeability changes and inhibition of the sodium pump. In addition, Hahn et al. (1975) have reported heat-induced permeability changes which allow increased quantities of cytotoxic drugs to enter the cell. We postulate that the increased killing of L1210 cells which occurs when the cells are heated in presence of marrow is caused by a release from heat-damaged cells of lysosomal enzymes capable of penetrating the membranes of adjacent cells rendered unusually permeable by heat. Apparently, the leukaemic cells are more susceptible to this secondary damage than normal marrow stem cells, resulting in the observed differential response to heat of normal and leukaemic cells (see Fig. 3 ).
Though similar phenomena might occur with other cell types, the release of lysosomal enzymes from heat-damaged cells may be especially important for marrow. About half the volume of a mature neutrophil is occupied by up to 600 lysosomal granules, each 05 ,um in diameter (ZuckerFranklin, 1968) . Enzymes within the granules include acid and alkaline phosphatases, nucleotidase, deoxyribonuclease and /-glucuronidase (Ackerman, 1964) .
The release of neutrophil lysosomal enzymes into tissues enhances or perpetuates any existing inflammatory response whatever the cause. Moreover, during the remission induction of acute promyelocytic leukaemia, neoplastic cells killed by cytotoxic drugs release lysosomal enzymes which may precipitate severe disseminated intravascular coagulation (Bernard et al., 1973) . A similar mechanism could underlie the occurrence of disseminated intravascular coagulation following whole-body hyperthermia in human patients (Ludgate et al., 1976) However, it will be necessary to check the generality of the favourable differential sensitivity, using different leukaemias, and to confirm that observed differences in apparent cell survival do not result from reduced ability of leukaemic cells to lodge in the spleens of recipient mice, whilst lodging normally, and retaining clonogenicity, in other sites.
This latter possibility could be tested experimentally by a "lifespan assay", instead of spleen-colony assay, to confirm that the sensitizing effect on leukaemic cells of normal marrow alters the total number of cells retaining clonogenic capacity, in any anatomical site.
CONCLUSIONS
(1) There exists no significant difference between the Do times for survival of normal marrow cells (CFU-S) and leukaemic (L1210) clonogenic ascites cells, within the temperature range 42-44°C.
(2) Differences in shoulder width do exist, the normal cells having the wider shoulder, but this may be explicable in terms of cell kinetics.
(3) L1210 leukaemic cells of marrow origin are much more susceptible to the lethal effects of hyperthermia at 43°C than L1210 ascites cells or haemopoietic stem cells.
(4) The killing of L1210 ascites cells by hyperthermia can be enhanced by heating L1210 ascites cells with an equal number of healthy marrow cells or a supernatant removed from heated normal marrow cells.
(5) When examined under the scanning electron microscope L1 210 ascites cells subjected to hyperthermia show gross morphological changes such as corrugation and blistering of the cell-membrane and loss of microvilli. These changes in the appearance of the cell are similar to those associated with changes in cell-membrane permeability.
(6) It is possible that the enhanced killing of L1210 leukaemic cells by hyperthermia in the presence of normal marrow cells is caused by lysosomal enzymes released from healthy marrow cells.
(7) Cell-cell interactions involving the release of injurious substances from heatdamaged cells may constitute another type of environmental modulation of cellular response to hyperthermia which is additional to, and perhaps independent of, other environmental influences (e.g. nutrition, pH) already recognized to be of importance.
